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Abstract 
This paper presents a comparison of common and well-documented methods for varying the single-diode model parameters 
extracted at standard test conditions (STC) of a PV module to suit varying operating conditions of irradiance and temperature. To 
perform such a comparison, accurate values of the single-diode parameters at STC are required. These were obtained using well-
established numerical and iterative methods. The Newton-Raphson method was found to be most accurate for obtaining these 
parameters at STC. Consequently, these parameters were used to compare the methods of varying the single-diode model 
parameters with temperature and irradiance. MATLAB software has been developed to evaluate the performance of each method 
using the Shell SQ150 PV module. Results are compared with measured data and discussion of the accuracy of various methods 
is presented.  
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1. Introduction 
A PV module is commonly modelled using the single-diode model (SDM) of Fig. 1, which also includes the I-V 
and P-V characteristics of a typical module [1]. The equation representing this model is transcendental and implicit 
in nature and its solution normally involves considerable computational complexity and may require significant 
amount of simplifications and approximations [2, 3]. The problem of modelling a PV system is further compounded 
by the fact that the I-V characteristic of a PV module is dependent on insolation and temperature, which are 
continuously changing [2, 3, 4]. A Datasheet of a PV module normally provides module's specifications only at 
standard test conditions (STC). Consequently, the extraction of parameters required to model a PV module/array are 
extracted at STC and subsequently, these parameters must be adjusted according to the prevailing temperature and 
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irradiance. The objective of this paper is to provide a comparison between various methods reported in the literature 
for modifying the single-diode parameters of a PV module to cater for varying conditions of insolation and 
temperature [3, 5]. Following this introduction, Section 2 presents the mathematical background to the work, whilst 
Section 3 presents the most commonly known methods of adjusting the parameters of the SDM so as to take into 
account the effects of insolation and temperature. Section 4 discusses the results obtained during the comparison of 
these methods and Section 5 outlines the conclusions of the paper.  
 
Nomenclature 
gE                   band gap energy of semiconductors (J) 
G,GSTC                 solar irradiance (W/m2) and irradiance at standard test conditions (STC) (1000 W/m2).  
I                 output current of a PV module (A). 
Im ,ImSTC                 PV module current at the maximum power point (MPP) and at standard test conditions (A). 
Iph                photocurrent (A). 
Isat , IsatSTC              PV module saturation current and its value at standard test conditions (A). 
Isc , Isc,ST,                short-circuit current of a PV module and its value at standard test conditions (A). 
k                Boltzmann constant (1.381×10-23 J/K). 
n                diode ideality factor. 
Ns                number of the series-connected cells in a PV module.  
P               output power of a PV module (W). 
q               electronic charge (-1.602×10-19 C). 
Rs , Rsh               series and shunt resistances of the PV module (Ω) 
T, TSTC                temperature of the PV module (K) and its temperature at STC (25oC or 298.15 K). 
V               output voltage of a PV module (V). 
Vm ,Vm,STC             voltage of a PV module at the MPP and its voltage under STC (V). 
Voc, Voc,STC                  open-circuit voltage of a PV module and its voltage at standard test conditions (V). 
Vth                thermal equivalent voltage of a PV module (V). 
,Voc Isc                thermal coefficient of the open-circuit voltage (V/oC) and short-circuit current (A/oC). 
 ,   ,  ,        and    Constants.  
2. Mathematical background 
Due to its simplicity, the single-diode model, Fig. 1, has been widely used for modelling a PV module [1]. The 
module terminal current I and voltage V are related by the implicit transcendental equation 




V IR V IR kTI I I C
n N V R q
   
       
   
  (1) 
Clearly, there are five unknown parameters to be determined; the photocurrent source phI , the ideality factor n, 
the saturation current satI , and the series and shunt resistances sR  and shR  respectively of a PV module. 
Manufactures’ datasheets normally only include data at the remarkable points, namely the short-circuit current scI , 
open–circuit voltage ocV , and the maximum power point (MPP) current mI  and voltage mV . The temperature 
coefficients of the short-circuit current Isc and of the open-circuit voltage  Voc  are also provided in addition to the 
number of series-connected cells in a PV module SN  [2, 3, 4, 5]. To determine the five parameters of a PV module 
from its datasheet, five equations are required. The remarkable points can be used to generate the following three 
equations 
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1. Introduction 
A PV module is commonly modelled using the single-diode model (SDM) of Fig. 1, which also includes the I-V 
and P-V characteristics of a typical module [1]. The equation representing this model is transcendental and implicit 
in nature and its solution normally involves considerable computational complexity and may require significant 
amount of simplifications and approximations [2, 3]. The problem of modelling a PV system is further compounded 
by the fact that the I-V characteristic of a PV module is dependent on insolation and temperature, which are 
continuously changing [2, 3, 4]. A Datasheet of a PV module normally provides module's specifications only at 
standard test conditions (STC). Consequently, the extraction of parameters required to model a PV module/array are 
extracted at STC and subsequently, these parameters must be adjusted according to the prevailing temperature and 
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irradiance. The objective of this paper is to provide a comparison between various methods reported in the literature 
for modifying the single-diode parameters of a PV module to cater for varying conditions of insolation and 
temperature [3, 5]. Following this introduction, Section 2 presents the mathematical background to the work, whilst 
Section 3 presents the most commonly known methods of adjusting the parameters of the SDM so as to take into 
account the effects of insolation and temperature. Section 4 discusses the results obtained during the comparison of 
these methods and Section 5 outlines the conclusions of the paper.  
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T, TSTC                temperature of the PV module (K) and its temperature at STC (25oC or 298.15 K). 
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Vm ,Vm,STC             voltage of a PV module at the MPP and its voltage under STC (V). 
Voc, Voc,STC                  open-circuit voltage of a PV module and its voltage at standard test conditions (V). 
Vth                thermal equivalent voltage of a PV module (V). 
,Voc Isc                thermal coefficient of the open-circuit voltage (V/oC) and short-circuit current (A/oC). 
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2. Mathematical background 
Due to its simplicity, the single-diode model, Fig. 1, has been widely used for modelling a PV module [1]. The 
module terminal current I and voltage V are related by the implicit transcendental equation 




V IR V IR kTI I I C
n N V R q
   
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   
  (1) 
Clearly, there are five unknown parameters to be determined; the photocurrent source phI , the ideality factor n, 
the saturation current satI , and the series and shunt resistances sR  and shR  respectively of a PV module. 
Manufactures’ datasheets normally only include data at the remarkable points, namely the short-circuit current scI , 
open–circuit voltage ocV , and the maximum power point (MPP) current mI  and voltage mV . The temperature 
coefficients of the short-circuit current Isc and of the open-circuit voltage  Voc  are also provided in addition to the 
number of series-connected cells in a PV module SN  [2, 3, 4, 5]. To determine the five parameters of a PV module 
from its datasheet, five equations are required. The remarkable points can be used to generate the following three 
equations 
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n N V R
       
  
  (2) 
 SC : (0, ) :  exp 1   
sc s sc s
sc sc ph sat
th shs
I R I R
I I I I
n N V R
  
     
   
  (3) 
 MPP :  exp 1   
m m s m m s
m ph sat
s T sh
V I R V I R
I I I
nN V R
   
     
   
  (4) 
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Finally, the reciprocal of the slope of the I-V curve at the short-circuit point, is used to develop the fifth equation 









sh S T s T
sho shI s sat s sc s
sh S T s T
I I R
R n N V n N VdI
dV R RR I R I R
R n N V n N V
 
   
   
 
   
 
  (6) 
Solution of the system of equations (2)-(6) can be obtained numerically, e.g. using Newton-Raphson method, or 
by applying an iterative method, such as the Gaussian iterative method. Another approach to find the parameters of 
the single–diode model, which also requires the manufacturer's datasheet and an iterative process hinges on 
adjusting one of the obtained parameters, such that the value of current or voltage, matching a specific known 
condition [4, 7, 8, 9, 10]. In [7] the value of the maximum power is used to extract the parameters by setting a value 
for the ideality factor according to the type of the PV module, and changing the series resistance in an iterative 
process to calculate the corresponding value of the shunt resistance that produces the same value of the maximum 
power within a small tolerance. Another relationship between the ideality factor, resistances, and the manufacturer’s 
datasheet at the maximum power point has been derived by restricting the value of the ideality factor, within a small 
interval, allowing the series and shunt resistances to be estimated [8].  
     
Fig. 1. The single-diode model and typical I-V and PV characteristics of a PV module. 
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3. Modifying model parameters for varying temperature and insolation 
When the performance of PV system is evaluated under certain operating conditions, such as the STC, the 
practical and theoretical results concur only if the modelling process uses PV parameters which have been extracted 
under the same operating conditions. Since datasheets only specify a PV module parameters at STC and since these 
parameters vary considerably with environmental conditions, such as insolation and temperature, adjustments have 
to be made to the PV module parameters to allow for varying operating conditions. The problem is further 
complicated by the variations in module parameters with partial shading [11, 12]. However, this paper only focuses 
on the variations of module parameters with irradiance and temperature, and reviews various methods for catering 
with such variations for each parameter as presented below. 
3.1. The Short-circuit current 
There are two common methods to express variations of the short-circuit current scI  with irradiance and 
temperature.  
Method 1: In this method, the short-circuit current is expressed in terms, of G and T, using the following linear 
empirical relation [1, 7, 13] 
   ,  , ([ )]SC STC I STC
STC
scsc
GI G T I T T
G
     (7) 
Method 2: The empirical equation (7) results in some deviation in the short-circuit current from experimental results 
due to the non-linear effect of the solar irradiance. This non-linearity is corrected by the introduction of the exponent 
α [14, 15, 16] as 
       ,,  ( )], :, / [ ln / / ln /scSTC SC STC I STC STC STCsc s sccI G T G G I T whereT I I G G
        (8) 
3.2. Open-circuit voltage 
The open–circuit voltage ocV  exhibits a strong dependence on temperature, which is described by the voltage 
temperature coefficient. Its dependence on insolation G is, however, not very significant and follows a logarithmic 
function. Five common different methods of expressing ocV as a function of T and G have been reported as 
explained below. 
Method 1: In this method, the dependence on insolation is neglected [7, 17], thus 
    , STC Voc STCoc ocV T V T T     (9) 
Method 2: In this method the dependence of ocV on the insolation is derived from (2) yielding 
 
   
V (G)=ln  ph sh oc S th
sat sh
oc






  (10) 
Equation (10) can be solved numerically e.g. using the Newton-Raphson method. The dependence on 
temperature can be obtained by using (9) [4, 10, 18].  
Method 3: Dependence of ocV on insolation and temperature can be derived from (2) [4, 10, 18] giving 
     ,G,T   SSTC Voc STCoc oc N kTnV V ln G T Tq       (11) 
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Finally, the reciprocal of the slope of the I-V curve at the short-circuit point, is used to develop the fifth equation 
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  (6) 
Solution of the system of equations (2)-(6) can be obtained numerically, e.g. using Newton-Raphson method, or 
by applying an iterative method, such as the Gaussian iterative method. Another approach to find the parameters of 
the single–diode model, which also requires the manufacturer's datasheet and an iterative process hinges on 
adjusting one of the obtained parameters, such that the value of current or voltage, matching a specific known 
condition [4, 7, 8, 9, 10]. In [7] the value of the maximum power is used to extract the parameters by setting a value 
for the ideality factor according to the type of the PV module, and changing the series resistance in an iterative 
process to calculate the corresponding value of the shunt resistance that produces the same value of the maximum 
power within a small tolerance. Another relationship between the ideality factor, resistances, and the manufacturer’s 
datasheet at the maximum power point has been derived by restricting the value of the ideality factor, within a small 
interval, allowing the series and shunt resistances to be estimated [8].  
     
Fig. 1. The single-diode model and typical I-V and PV characteristics of a PV module. 
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3. Modifying model parameters for varying temperature and insolation 
When the performance of PV system is evaluated under certain operating conditions, such as the STC, the 
practical and theoretical results concur only if the modelling process uses PV parameters which have been extracted 
under the same operating conditions. Since datasheets only specify a PV module parameters at STC and since these 
parameters vary considerably with environmental conditions, such as insolation and temperature, adjustments have 
to be made to the PV module parameters to allow for varying operating conditions. The problem is further 
complicated by the variations in module parameters with partial shading [11, 12]. However, this paper only focuses 
on the variations of module parameters with irradiance and temperature, and reviews various methods for catering 
with such variations for each parameter as presented below. 
3.1. The Short-circuit current 
There are two common methods to express variations of the short-circuit current scI  with irradiance and 
temperature.  
Method 1: In this method, the short-circuit current is expressed in terms, of G and T, using the following linear 
empirical relation [1, 7, 13] 
   ,  , ([ )]SC STC I STC
STC
scsc
GI G T I T T
G
     (7) 
Method 2: The empirical equation (7) results in some deviation in the short-circuit current from experimental results 
due to the non-linear effect of the solar irradiance. This non-linearity is corrected by the introduction of the exponent 
α [14, 15, 16] as 
       ,,  ( )], :, / [ ln / / ln /scSTC SC STC I STC STC STCsc s sccI G T G G I T whereT I I G G
        (8) 
3.2. Open-circuit voltage 
The open–circuit voltage ocV  exhibits a strong dependence on temperature, which is described by the voltage 
temperature coefficient. Its dependence on insolation G is, however, not very significant and follows a logarithmic 
function. Five common different methods of expressing ocV as a function of T and G have been reported as 
explained below. 
Method 1: In this method, the dependence on insolation is neglected [7, 17], thus 
    , STC Voc STCoc ocV T V T T     (9) 
Method 2: In this method the dependence of ocV on the insolation is derived from (2) yielding 
 
   
V (G)=ln  ph sh oc S th
sat sh
oc






  (10) 
Equation (10) can be solved numerically e.g. using the Newton-Raphson method. The dependence on 
temperature can be obtained by using (9) [4, 10, 18].  
Method 3: Dependence of ocV on insolation and temperature can be derived from (2) [4, 10, 18] giving 
     ,G,T   SSTC Voc STCoc oc N kTnV V ln G T Tq       (11) 
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the I-V curve near the maximum power, led to five common methods of describing its variations with T and G as 
presented below.  
Method 1: From (2) and (3) with information from the datasheet and )(i.e. sc ocI V , variations of the saturation 
current with temperature can be expressed as [3, 6] 
   
     
 
 
,  ,  








oc STC V STC sc STC I STC s sh
sat sc STC I STC
oc STC V STC
s th
V T T I T T R R
I T I T T
V T T




    




  (19) 
Method 2: This method assumes that shR   , and ph scI I , then from (2) [7, 9, 20] 
   ,   ,   exp 1 
oc
sc
oc STC V STC
sat sc STC I STC
s th
V T T




   
        
  (20) 




1 1   gsat sat STC
STC STC
qETI T I exp
T nk T T
    
     
    
  (21) 
Method 4: Using (2) and (3), the saturation current can be written as [4] 
      
      
,  ,  
,  ,  








ocs sh sc STC Isc STC oc STC V STC s th sh
sat
sc STC Isc STC soc STC Voc STC s th
s T s T
R R I T T V T T nN V G R
I
I T T RV T T nN V G
n N V n N V
 

      

     
        
  (22) 
Method 5: In this method , ,   and  sh ph STC sc STCR I I  and satI  is obtained from the open-circuit voltage at STC [2, 
10] 
 




, ,  
/




STC sc STC Isc STC Voc STC s
sat T
sc STC sat STC Voc STC S
T
G G I T T q T T N knT
I G T






  (23) 
3.5. Series and shunt resistances s shR and R   
There are four main methods which describe the effect of the irradiance and temperature on the resistances as 
presented below. 
Method 1: The effect of irradiance and temperature on the resistances is ignored [4, 6, 7, 8, 10]. That is 
  ,,  s s STCG TR R  and for the shunt resistance   ,,   sh sh STCG TR R . 
Method 2: The series resistance is assumed constant, i.e.   ,,  s s STCG TR R , while the shunt resistance varies only 
with the solar irradiance as [17, 20] as 
 ,( ) ( / )Rsh STC sh STCR G G G   (24) 
Method 3: Both resistances vary only with the irradiance [1, 5, 24] i.e. the ( )shR G is given by (24) and  
 ,( / )S STC S STCR G G R   (25) 
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Method4 [1, 5]: This method derived an interpolating relationship between the ocV and G and T as 
         2 3, 1 2 3G,T   ln / ln /  ln /   ococ oc STC STC STC STC V STCV V C G G C G G C G G T T        (12) 
Where C1 = 5.468511×10-2, C2 = 5.973869×10-3, and C3 = 7.616178 ×10-4 for silicon. 
Method 5: This method uses three equations to describe the non-linear effect of G and T on ocV  [13, 14, 15] as 
    
 
 
,, , ,, ln // 1G,T       , where  ,   





V VV VV TV





         
 
  (13) 
3.3. The photocurrent current  
The photocurrent phI can be expressed using different model parameters and the datasheet information, therefore, 
there are different expressions for estimating this current as illustrated below.  
Method 1: The saturation current satI  and the series resistance sR  are neglected in (3), hence  scphI I  [1, 5, 10, 
17]. 
Method 2: When the effect of the resistances is taken into account in (3), the photocurrent becomes [7, 19] 
 /(1 ) / scph s shI R R I    (14) 
The same procedure for changing scI  (Method 1) with operating conditions is applied in the above two methods. 
Method 3: Using (2) and (3), the photocurrent can be written as [3, 6] 
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This is based on the assumption that ocV  and satI depend only on temperature. Therefore,  
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The combined effect of G and T can be written as 
    ,  ( / ) ph STC phI G T G G I T   (17) 
Method 4 [4]: Combining (2) and (3) without neglecting any terms, the value of the photocurrent can be written as  
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The same procedure for changing scI  with operating conditions is applied also in this method. 
3.4. Dark saturation current satI   
Most reported works indicate strong dependence of the saturation current satI  on temperature [3, 6], others 
indicate that it also increases with insolation [20]. In any case, the significant effect of this current on the shape of 
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the I-V curve near the maximum power, led to five common methods of describing its variations with T and G as 
presented below.  
Method 1: From (2) and (3) with information from the datasheet and )(i.e. sc ocI V , variations of the saturation 
current with temperature can be expressed as [3, 6] 
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Method 2: This method assumes that shR   , and ph scI I , then from (2) [7, 9, 20] 
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Method 4: Using (2) and (3), the saturation current can be written as [4] 
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Method 5: In this method , ,   and  sh ph STC sc STCR I I  and satI  is obtained from the open-circuit voltage at STC [2, 
10] 
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3.5. Series and shunt resistances s shR and R   
There are four main methods which describe the effect of the irradiance and temperature on the resistances as 
presented below. 
Method 1: The effect of irradiance and temperature on the resistances is ignored [4, 6, 7, 8, 10]. That is 
  ,,  s s STCG TR R  and for the shunt resistance   ,,   sh sh STCG TR R . 
Method 2: The series resistance is assumed constant, i.e.   ,,  s s STCG TR R , while the shunt resistance varies only 
with the solar irradiance as [17, 20] as 
 ,( ) ( / )Rsh STC sh STCR G G G   (24) 
Method 3: Both resistances vary only with the irradiance [1, 5, 24] i.e. the ( )shR G is given by (24) and  
 ,( / )S STC S STCR G G R   (25) 
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Method4 [1, 5]: This method derived an interpolating relationship between the ocV and G and T as 
         2 3, 1 2 3G,T   ln / ln /  ln /   ococ oc STC STC STC STC V STCV V C G G C G G C G G T T        (12) 
Where C1 = 5.468511×10-2, C2 = 5.973869×10-3, and C3 = 7.616178 ×10-4 for silicon. 
Method 5: This method uses three equations to describe the non-linear effect of G and T on ocV  [13, 14, 15] as 
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3.3. The photocurrent current  
The photocurrent phI can be expressed using different model parameters and the datasheet information, therefore, 
there are different expressions for estimating this current as illustrated below.  
Method 1: The saturation current satI  and the series resistance sR  are neglected in (3), hence  scphI I  [1, 5, 10, 
17]. 
Method 2: When the effect of the resistances is taken into account in (3), the photocurrent becomes [7, 19] 
 /(1 ) / scph s shI R R I    (14) 
The same procedure for changing scI  (Method 1) with operating conditions is applied in the above two methods. 
Method 3: Using (2) and (3), the photocurrent can be written as [3, 6] 
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The combined effect of G and T can be written as 
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Method 4 [4]: Combining (2) and (3) without neglecting any terms, the value of the photocurrent can be written as  
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The same procedure for changing scI  with operating conditions is applied also in this method. 
3.4. Dark saturation current satI   
Most reported works indicate strong dependence of the saturation current satI  on temperature [3, 6], others 
indicate that it also increases with insolation [20]. In any case, the significant effect of this current on the shape of 
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Although, many studies [1, 5, 10, 18] assumed that the photocurrent is equal to the short-circuit current, this 
assumption can lead to considerable error. The temperature has little effect on the short-circuit current and 
photocurrent. Table 4 compares the values of the open-circuit voltage at different insolations and it is evident that 
method 5 has better accuracy. Methods 2 and 3 produced similar results because both methods are based on similar 
assumptions. Methods 1 and 4 show that ignoring dependence of the open-circuit voltage on irradiance or 
approximating this effect leads to considerable error.  Table 5 shows the relationship between the open-circuit 
voltage and temperature, indicating that method 2 has better accuracy than Method 1 which can be attributed to the 
use of accurate value of .  
Fig. 3 presents a comparison between the methods used to estimate the saturation current under varying 
irradiance and temperature. It can be seen that simulation results are closer to the experimental results for all five 
methods, and method 4 is most accurate when compared with other methods because it takes into account the effect 
of the irradiance on the open-circuit voltage. Fig. 3 also shows a comparison between these methods under varying 
temperature. It can be seen that the simulation results are closer to the measured data because the improved accuracy 
of the parameters estimation methods. When the temperature increases, one of the plots tends to deviate from the 


















Fig. 4 shows the effect of the variation in irradiance on the resistances of the module. Methods 1, 2, and 4 give 
results close to the measured data. The best method that represents the I-V characteristics of the PV module is 
method 2, which indicates that the shunt resistance decreases with increasing irradiance, while results of Method 4 
which are relatively close to those of method 2 show that the series resistance is logarithmically related to 
irradiance. To verify the changes in the series resistance due to temperature on the I-V characteristics and other 
parameters, equation (22) was used for this purpose. The figure shows that the variation of the series resistance with 
temperature, predicted by (22), leads to a deviation of the I-V characteristic from the measured data. This means that 
variation of the saturation current with temperature is sufficient to represent the behaviour of the PV module 










Table 2. Methods of changing the short circuit of Shell SQ150 current and the absolute error. 
Irradiance(W/m2) 1000 800 600 400 200 
Measured current(A) 4.8 3.8415 2.8817 1.9288 0.94884 
Method 1(A) (% error) 4.8 (0%) 3.84 (0.039%) 2.88 (0.059%) 1.92 (0.456%) 0.96 (1.1762%) 
Method 2(A) (% error) 4.8 (0%) 3.8417 (0.0052%) 2.8829 (0.042%) 1.9235 (0.275%) 0.9631 (1.5029%) 
 
Table 3. Different values of the photocurrent in the literature  
PV module Generalized Eq.(3) Method1 Method 2 Method 3 Method 4 
Shell SQ150 4.8024316A 4.8 A 4.80243089 A 4.80243114 A 4.80243165 A 
 
 
Fig. 3 Comparison between calculated and measured I-V characteristics for different methods of estimating saturation current of the Shell 
SQ150 module under different irradiance (left) and under different temperature (right).  
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Method 4: In this method, the series resistance increases with temperature and decrease with insolation, while the 
shunt resistance changes only with insolation according to (24) [21] 
  , , w ,  1 l here =0.2n 1 7s s STC
STC STC
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4. Results and discussion  
To evaluate and compare the performance of the above methods in catering for the variations of parameters, with 
T and G, of a PV module, MATLAB software has been developed to extract parameters of the monocrystalline, 
Shell SQ150 PV module [26]. Using (8), (13), and the datasheet information, the values of the constants can be 
obtained as, , , and . In this work, three different methods were used to estimate 
the single-diode model parameters. The first method uses a preset value for the ideality factor and consequently uses 
it to calculate the other parameters [7]. The second method uses three boundary conditions to calculate the ideality 
factor to produce values of the model resistances [8]. The third method uses Newton-Raphson method in which the 
initial values are calculated according to [27]. As can be seen from Table 1, different methods produced different 
values of the single-diode model parameters. Fig. 2 shows good agreement between the measured and numerically 
obtained I-V characteristics of the Shell SQ 150. Therefore, the parameters extracted using the Newton-Raphson 
method were be used as the reference for the comparison of various methods of adjusting the single-diode model 























Table 2, shows that method 2 has good accuracy compared to method 1, especially for higher values of 
irradiance. This is because method 2, takes into account the nonlinear effect of irradiance on the current. In general, 
the absolute error between these methods is relatively small provided that the correct value of is used.  
Table 3 shows the values of the photocurrent for Shell SQ150 module, and these values are compared with the 
values of the photocurrent obtained from (3). It can be seen that the values of the photocurrent obtained using 
methods 2 to 4 are close; in particular, method 4 without any approximations gives the same results as (3). 
Table1. Shell SQ150 parameters estimation using different methods.  
Parameter Villava [7] Carrero [8] Newton-Raphson [26] 
N 1.3 1.40964 1.4397 
( )SR   0.684 0.61235 0.5906 
( )ShR   529.63895 933.77264 1166.1 
(A)satI  7.02317×10-8 2.83113×10-7 4.0163×10-7 
(A)phI  4.80625 4.80315 4.8024 
 
 
Fig. 2 Comparison between calculated and measured I-V characteristics  of the Shell SQ 150 module for three different  parameters 
estimation methods under different irradiance and temperature = 25o C (left) and under different  temperature and constant irradiance of 
1000 W/m2 (right).  
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Although, many studies [1, 5, 10, 18] assumed that the photocurrent is equal to the short-circuit current, this 
assumption can lead to considerable error. The temperature has little effect on the short-circuit current and 
photocurrent. Table 4 compares the values of the open-circuit voltage at different insolations and it is evident that 
method 5 has better accuracy. Methods 2 and 3 produced similar results because both methods are based on similar 
assumptions. Methods 1 and 4 show that ignoring dependence of the open-circuit voltage on irradiance or 
approximating this effect leads to considerable error.  Table 5 shows the relationship between the open-circuit 
voltage and temperature, indicating that method 2 has better accuracy than Method 1 which can be attributed to the 
use of accurate value of .  
Fig. 3 presents a comparison between the methods used to estimate the saturation current under varying 
irradiance and temperature. It can be seen that simulation results are closer to the experimental results for all five 
methods, and method 4 is most accurate when compared with other methods because it takes into account the effect 
of the irradiance on the open-circuit voltage. Fig. 3 also shows a comparison between these methods under varying 
temperature. It can be seen that the simulation results are closer to the measured data because the improved accuracy 
of the parameters estimation methods. When the temperature increases, one of the plots tends to deviate from the 


















Fig. 4 shows the effect of the variation in irradiance on the resistances of the module. Methods 1, 2, and 4 give 
results close to the measured data. The best method that represents the I-V characteristics of the PV module is 
method 2, which indicates that the shunt resistance decreases with increasing irradiance, while results of Method 4 
which are relatively close to those of method 2 show that the series resistance is logarithmically related to 
irradiance. To verify the changes in the series resistance due to temperature on the I-V characteristics and other 
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Table 2. Methods of changing the short circuit of Shell SQ150 current and the absolute error. 
Irradiance(W/m2) 1000 800 600 400 200 
Measured current(A) 4.8 3.8415 2.8817 1.9288 0.94884 
Method 1(A) (% error) 4.8 (0%) 3.84 (0.039%) 2.88 (0.059%) 1.92 (0.456%) 0.96 (1.1762%) 
Method 2(A) (% error) 4.8 (0%) 3.8417 (0.0052%) 2.8829 (0.042%) 1.9235 (0.275%) 0.9631 (1.5029%) 
 
Table 3. Different values of the photocurrent in the literature  
PV module Generalized Eq.(3) Method1 Method 2 Method 3 Method 4 
Shell SQ150 4.8024316A 4.8 A 4.80243089 A 4.80243114 A 4.80243165 A 
 
 
Fig. 3 Comparison between calculated and measured I-V characteristics for different methods of estimating saturation current of the Shell 
SQ150 module under different irradiance (left) and under different temperature (right).  
 Nader anani / Energy Procedia 00 (2017) 000–000  
Method 4: In this method, the series resistance increases with temperature and decrease with insolation, while the 
shunt resistance changes only with insolation according to (24) [21] 
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To evaluate and compare the performance of the above methods in catering for the variations of parameters, with 
T and G, of a PV module, MATLAB software has been developed to extract parameters of the monocrystalline, 
Shell SQ150 PV module [26]. Using (8), (13), and the datasheet information, the values of the constants can be 
obtained as, , , and . In this work, three different methods were used to estimate 
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it to calculate the other parameters [7]. The second method uses three boundary conditions to calculate the ideality 
factor to produce values of the model resistances [8]. The third method uses Newton-Raphson method in which the 
initial values are calculated according to [27]. As can be seen from Table 1, different methods produced different 
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methods 2 to 4 are close; in particular, method 4 without any approximations gives the same results as (3). 
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approximations and takes into account effects of both temperature and irradiance simultaneously. The accuracy in 
determining the open-circuit voltage is improved by taking into account the nonlinear effects of both temperature 
and irradiance. In predicting the saturation current, method 4 is most accurate when considering the effect of varying 
temperature and irradiance. Changes of the shunt resistance with irradiance are much higher than those exhibited by 
the series resistance. Both resistances have little sensitivity to changes in temperature.  
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The paper presented various methods for adjusting the model parameters of the single-diode model according to 
varying levels of irradiance and temperature. The relative accuracy of these methods was assessed by comparing the 
values of the adjusted parameters with measured data available in the datasheet. The short-circuit current varies 
nonlinearly with irradiance and its variation with temperature is fairly small depending on its temperature 
coefficient. Prediction of the photocurrent by various methods, showed that its variations with temperature and 
irradiance are similar to those of the short-circuit current. When determining the dependence of the open-circuit 
voltage on temperature and irradiance, it is found that Method 5 gives good results because it involves less 
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Table 5. The open-circuit voltage of the Shell SQ 150 at different temperatures and absolute error. 
Temperature OC 25 20 30 40 50 60 































Fig. 4 I-V Comparison between calculated and measured I-V characteristics for different methods of estimating the resistances of the 
Shell SQ150 module under different irradiance (left) and under different temperature using (22) for changing the saturation current 
(right).  
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approximations and takes into account effects of both temperature and irradiance simultaneously. The accuracy in 
determining the open-circuit voltage is improved by taking into account the nonlinear effects of both temperature 
and irradiance. In predicting the saturation current, method 4 is most accurate when considering the effect of varying 
temperature and irradiance. Changes of the shunt resistance with irradiance are much higher than those exhibited by 
the series resistance. Both resistances have little sensitivity to changes in temperature.  
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The paper presented various methods for adjusting the model parameters of the single-diode model according to 
varying levels of irradiance and temperature. The relative accuracy of these methods was assessed by comparing the 
values of the adjusted parameters with measured data available in the datasheet. The short-circuit current varies 
nonlinearly with irradiance and its variation with temperature is fairly small depending on its temperature 
coefficient. Prediction of the photocurrent by various methods, showed that its variations with temperature and 
irradiance are similar to those of the short-circuit current. When determining the dependence of the open-circuit 
voltage on temperature and irradiance, it is found that Method 5 gives good results because it involves less 
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Table 5. The open-circuit voltage of the Shell SQ 150 at different temperatures and absolute error. 
Temperature OC 25 20 30 40 50 60 































Fig. 4 I-V Comparison between calculated and measured I-V characteristics for different methods of estimating the resistances of the 
Shell SQ150 module under different irradiance (left) and under different temperature using (22) for changing the saturation current 
(right).  
